This paper addresses an object manipulation planning algorithm for dextrous robot systems consisting a multifingered hand and a robotic manipulator. A method has been developed for object reconfiguration design. The result is a new algorithm using artificial intelligence based on simulated annealing and A* search. The upper level of the manipulation system, the global planner generates the motion of the object. The lower level, the local planner deals with the motion of the agents relative to the object and the design of the contact forces. The local planner is based on simulated annealing, thus the the local minima can be avoided in the energy function of the motion with high probability.Application of the algorithm has been discussed for three robot arms.
Introduction
Object manipulation either by multiple agents or dextrous robotic hand is a center field in robotic research. In this paper a motion planner for object reconfiguration with multiple dextrous agents is proposed.
First the object is required to be located within its environment. Then, the object must be initially grasped by the agents. When the grasp is stable, the manipulation process can be started. The manipulation task (called object reconfiguration problem) is stated as the following: given an initial grasp of the object find the motion's trajectories of the agents to move the object to the desired configuration. In general collision free paths for all agents must be found toward the contact points on the object (pre-grasp configuration) and the grasping and manipulation forces should then be exerted on the object by the agents. These forces are determined first to ensure a stable grasp, then to manipulate the object.
The object manipulation problem can be divided into two sub-problems: the global planner and the local planner (see [2] ). The task of the global planner is to search for nominal path in the configuration space among static obstacles between the initial and the desired position and orientation of the object by generating points (subgoals) in the object's configuration space. The local planner tries to find admissible motion of the agents between subgoals and generates the detailed trajectories of the agents' motion (path).
Numerous object manipulation algorithms have been proposed, one of the most frequent model used in motion planner algorithms is the description of the motion of two contacting object which is given in [4] . Fig.1 illustrates the contact frames C 1 and C 2 of two known contacting objects´O 1 O 2 µ, which move while maintaining the contact with each other. u 1 ú 1x u 1y µ and u 2 ú 2x u 2y µ are 2D Gauss frame coordinates of the 3D surfaces with parameterization:´x y zµ ´u x u y µ. Ψ denotes the angle between the x-axes of the contact frames of the objects (C 1 C 2 ).
The topic of object manipulation with agents can be classified by the mode of the relative motion of the agents and the object. Pushing, rolling and sliding are examples of relative motions which the agents can produce with respect to the object. In this paper only pure rolling and pure sliding relative motions between the agents and the
234
Journal of Advanced Computational Intelligence Vol.10 No.2, 2006 and Intelligent Informatics object are assumed. The two relative motion types have difference in the exerted forces in the contact points, sliding requires contact forces outside of the cone of friction, otherwise the motion will be rolling.
A separate problem within the object manipulation problem is determining the contact forces which assure force closure against disturbances in any possible directions if the contact points have already been found. This problem is a nonlinear programming (NP) problem if the friction cone is not approximated by linear constraints. Since this NP subproblem is a numerically expensive low level subproblem within the object manipulation hence we use first linear approximation of the friction cones allowing the application of linear programming (LP) method for the low level optimization subproblem. The friction cone approximation can be removed by using linear matrix inequality (LMI) method first used by [3] for grasp analysis. LMI technique allows the use of interior point polynomial algorithms in convex programming (see [5] ).
Instead of random selection proposed in [2] and [8], simulated annealing algorithm can be used at the local planner level to choose relative velocities for the agents (see [7] ). The purpose of using simulated annealing is to avoid local minima of the motion planning objective function which exist when there are various constraints required for defining feasible motions and forces. Simulated annealing is a general-purpose optimization tool which can be easily used with any constraints in the searching space. Motion planning can be treated as an optimization problem, therefore Simulated annealing is useful if the energy function of the searching space has many minima.
The objective of this paper is to present a quasi-static Simulated annealing based motion planner which uses a proposed relative velocity matrix to define the motion sequence of the object and the agents. The organization of the paper is as follows: in section 2 the motion constraints are introduced. In section 3 the overview of the planning system is presented, and a solution for removing the friction cone linearization is shown. In section 4 the relative velocity matrix is introduced. Section 5 describes the use of Simulated annealing with the relative velocity matrix. Section 6 discusses the results. Finally the conclusions of the paper are presented in section 7.
